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Abstract

Integrated Random-Access Reservation (IRAR) access-control schemes,
for multi-access communication channels, are presented and studied. Under
an IRAR scheme, newly arrived packets can be designated for reserved or
random-access transmissions. In the latter case, if a collision occurs,
each colliding packet is assigned for transmission by reservation, rather than
attempt another random-acc-ss transmission.

The performance of the IRAR schemes under consideration is expresced *a
terms of the associated channel delay-throughput curves. Single packet mes-
sages are assumed. Analytical expressions are derived for the limiting
average packet delay for a broadcast multi-access channel, under various IRAR
schemes. The performance curves under IRAR access-control schemes are com-
pared with those resulting when pure reservation and pure random-access pro-
cedures are used. We show that for channels with low propagation delays
(such as terrestrial radio or lime channels), an IRAR scheme yields an excel-
lent performance curve over the whole throughput range. For channels with
high propagation delays (such as a satellite communication channel), an IRAR
scheme 1is shown to yield delay-throughput performance characteristics superior
to those obtained under pure reservation and random-access schemes, for medium
and low network throughput values. At higher throughput values, an efficient-
ly designed integrated access control scheme will be appropriately switched

from an IRAR mode into a reservation procedure.




I. Introduction and System Description

We consider a multi-access communication channel of capacity C bps
serving a network of terminals. We assume information transmitted through
the channel is broadcasted to all network terminals, so that each terminal
is able to listen to any other terminal in the network. Subsequently,
decentralized access-control procedures can be employed. For this purpose,
it is further assumed that each terminal records in its own queueing table
the relevant state of the channel utilization process. Non-broadcast channels
with centralized control functions are readily designed and analyzed using
direct modifications of the techniques and results presented here. A satellite
communication channel and a terrestrial radio channel serve as examples of
multi-access broadcast radio communication channels. Such channels utilize a
repeater (such as a satellite transponder or a radio relay station) to allow
each terminal in the network to communicate with any other terminal. We assume
the corresponding channel uplink and downlink (constituting the terminal-repeater
and repeater-terminal links, respectively) to possess disjoint frequency bands,
so that users need to contend only for the use of the uplink channel. A commu-
nication line in a line computer communication network serves as another example.
Terminals, wishing to share the use of this line to transmit their information
to an appropriate destination node, can be located at one end of this line or
distributed (multi-dropped) geographically along it,

We assume a synchronized structure. Time (referenced to repeater's time)
is thus divided into fixed-length durations of T sec. each, called slots. Ter-
minals will start message transmissions only at times coinciding with the
starting times of the synchronized time slots. The channel is characterized
by a propagation delay of RT sec., or R slots. Propagation delays are short
for regular terrestrial radio or line channels and are longer for satellite
networks and long-distance terrestrial channels.

1
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Considering a network of M terminals, new messages arrive at the i-th
terminal according to a Poisson stream of intensity Ai [mess./slot], i=1,2,...,M.

The overall network message arrival stream is thus a Poisson point process with

M
intensity A = 2: Xi [mess./slot]. Messages are assumed here to be composed of
i=1

a single fixed length packet, containing u_l [bits/packet]. The packet trans-
mission~time through the channel is thus (uC)"1 [sec./packet]. We set, as in
[1] - [2], the slot duration to equal the packet transmission time, so that

T = o)7L,

A terminal will try to gain channel access for its packets, immediately
upon their arrival, following the protocol governing the network underlying
access-control discipline. Considering terminals which generate bursty (low
duty-cycle, high peak-to-average traffic intensity ratio) message streams, an
appropriate access-control discipline needs to be chosen so that the bandwidth
of the channel is utilized efficiently and acceptable message queueiay uel. ye
are obtained. Such efficient decentralized message-switching access-control
schemes have been recently developed and studied in [1] - [2]. (See [1] - [2].
for references to other related studies of access-control schemes.,)

Reservation access-control schemes have been studied in [1]. These
schemes have shown to yield excellent delay-throughput performance character-
istics at medium and high network traffic intensity values. Messages containing
a random number of packets have been incorporated in these studies. In analizing
reservation schemes, the notion of a contention-free reservation slot has been
utilized. Within such a slot, all terminals are assumed to be able to success-
fully transmit their reservation packets (or mini-packets, see [1]). In par-
ticular, we mention here the following reservation schemes studied in [1]. A
Fixed Reservation Access Control (FRAC) scheme utilizes a fixed pattern consist-

ing of a single pre-detecrmined reservation slot followed by a number (N) of




N
' service slots. For each arriving message, the terminal thus sends its reserva-

. tion packet in the reservatior _slot nearest to the arrival, and is subsequently |
assigned the appropriate service slots for the transmission of the message.
When the number N is dynamically changed to appropriately match the underlying f
network traffic intensity value )\, a Dynamic Fixed Reservation Access Control
(DFRAC) scheme results. The latter has been shown in [1] to yield low average
message delay values over the whole practical range of medium to high netwo.x
traffic intensity values.

A reservation scheme which automatically changes its structure to
accomodate network traffic fluctuations has also been presented and studied
in [1]. This is the Aynchronous Reservation Demand-Assignment ARDA I scheme.
This scheme declares each idle, unreserved, slot as a reservation slot., Other
slots are used for packet transmissions. In this way, the frequency of reserva-
tion slots is set automatically in accordance with the network traffic value.
ARDA I schemes have shown to yield excellent delay-throughput characteristics

(somewhat superior to those of a DFRAC scheme) for channels with low propaga-

tion delay values, R = 0,1. For channels with higher propagation delay values,

it has been shown in [1] that the DFRAC scheme exhibits better delay-throughput

performance characteristics. (An ARDA II scheme has been developed there to
yield automatic dynamic adaptation to traffic intensity fluctuations while
exhibiting a delay-throughput performance similar to that of a DFRAC scheme).

The performance curves of the latter schemes will be compared with those of the

integrated schemes introduced and studied in this paper. 3

For low network traffic intensity valuas, when single-packet bursty ter-
minal message streams are considered, a better delay-throughput performance,
involving a much less sophisticated distributed access-control procedure, can

be achieved by a random-access mechanism., Terminals then can use the channel




at any time to transmit a newly arrived packet. If, however, two or more
packets collide, the involved messages are retransmitted following an appro-
priate random retransmission delay policy. A Group Random-Access (GRA) proce-
dure has been introduced and studied in [2]. Under this scheme, a family of
network terminals 1s allowed to use only a specified (periodic) pattern of
channel time epochs (groups), on a random-access basis. (At other times,
channels utilization is governed by possibly other access-control strategies,
and can be dedicated to various other classes of terminals demanding a different
type of service.) Packets colliding within a certain group of slots will thus
retransmit within the next prescribed group of slots. As for the slotted ALOHA
random-access procedure, the GRA scheme has been shown in [2] to have traffic
caps of e-l = 0.368 [packets/slot] and be inherently unstable., To stabilize
eme, a dynamic feedback optimal control procedure have been derived
The latter needs to reject packets from the system, at certain times,
yielding the minimal average packet delay attainable at an acceptable prescribed
probability of packet rejection. The controlled scheme subsequently yields
very low average packet delay values at low enough network throughput values.
In particular, we note that at very low network throughput values (as A + 0),
the random-access scheme can yield a reduction of up to R+l slots in packet
delay, over that of a reservation scheme, due to the related saving of the pro-
pagation and transmission delay involved with the broadcast transmission of a
reservation packet. Furthermore, the simple distributed control mechanism
involved with a random-access discipline, can result in significant savings in
hardware requirements and reductions in protocol and system complexities.
It is the purpose of this paper to integrate the distinct advantages of
reservation and random-access disciplines, and introduce and study access-

control schemes which combine both random-access and reservation operations.
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Such Integrated Random—-Access Reservation (IRAR) schemes are expected to yield
excellent delay-throughput characteristics over a very wide range of network
traffic intensity (throughput) values. IRAR schemes will also be stable over
the whole range of allowable traffic intensity values (0 < A < 1), due to the
availability of the reservation operation, eliminating thus the need for a
complexed stabilizing control mechanism for the random access operationm.

The basic governing principle involved in the operation of the various
IRAR schemes under consideration in this paper, is described as follows. A
newly arriving packet is allowed (many times) to be transmitted in certain time
slots on a random-access basis. If a subsequent collision has occurred, this
packet is however not retransmitted again on a random-access basis (as is the
case under a random-access discipline) but is instructed to use a reservation
procedure. The resulting IRAR schemes thus switch from a majority of random-
access transmissions at low network throughput values to a majority of reserved
transmissions at higher throughput values.

The protocols of the basic IRAR schemes are presented in Section II. For
these schemes, the delay-throughput performance characteristics are derived in
Section III, assuming channels with low propagation delay values, R = 0, as for
terrestrial radio or line communication networks. For higher propagation delay
values, the delay-throughput performance of IRAR schemes, is presented in
Section IV. The performance curves of the various IRAR schemes are subsequently
compared with those of pure random-access schemes. The performance advantage
of IRAR schemes, in many situations, is consequently concluded. In addition to
demonstrating the performance characteristics of the basic IRAR schemes, our
studies here will also serve as the basic background for extensions to even
more sophisticated integrated access-control disciplines, for communication

networks involving a multitude of different types of messages.




II. Protocols for the Basic IRAR Schemes

To specify the protocol of an IRAR scheme, we make use of the notions of ]
a reservation slot and a random-access slot. A reservation slot is defimed to
be a slot which is dedicated, as specified by the protocol of the underlying
access-control discipline, for reservations. Furthermore, we assume that within )
a reservation slot every network terminal can broadcast its reservation packet
(or mini-packet), anouncing its requirements for channel time (and priorities,
if desired), in a contention free manner (see [1] for further details). We
note that if a discipline requiring access contention is employed to govern
reservation transmissions within reservation slots (such as a slotted ALOHA
procedure, so that a GRA scheme results), the resulting extra reservation
delay factors can be added to the delay formulas presented here (with A now
recognized as the throughput rate of the stream of reserved messages, assuming
the latter is modelled as a Poisson point process).

A random-access (RA) slot is declared to be an unreserved slot during
which terminals are allowed to transmit their packets on a random-access
(unreserved) basis. Clearly, a successful packet transmission within a RA
slot can occur if and only if a single terminal transmits a packet within this
slot. If two or more terminals transmit packets within the same RA slot, their
packets will collide and subsequently be recognized by the network terminals
(R slots following their transmission) as unsuccessful random-access transmis-
sions. In the latter case, the corresponding terminals, using copies of these

packets (alway kept in the terminal buffer till packets are acknowledges to be -

successfully transmitted), will try to gain channel access again. A slot during
which packet collisions occur is called a collision slot. In the IRAR schemes
studied here, a packet is allowed to try no more than a single random-access

transmission. A colliding packet will be instructed by the IRAR scheme to use



a reservation procedure to gain access, and send its reservation packet within
an appropriately scheduled reservation slot. Slots reserved for packet trans-
missions are called service slots.

It is also possible to set the allowable number of packet random-access
transmissions to be equal to a fixed number L, L 2 1. Following L unsuccess{.l
transmissions, a packet is then instructed to use a reservation procedure. How-
ever, we will note that an IRAR scheme witii L = 1, essentially attains the aelay-
throughput performance of a pure random-access scheme (such as a GRA or slotted
ALOHA scheme) over the appropriate range of network throughput values. There-
fore, an IRAR procedure employing a value of L > 1 is not expected to yield a
scheme with improved performance characteristics, as actually observed through
various simulation studies.

It is further interesting to note that the limiting case «f L = 0 can be
viewed as corresponding to a situation where an arriving packet sends immediately
a reservation packet, at the first available idle slot, not using any RA trans-
mission trials at all. The latter procedure, however, constitutes the ARDA I
reservation scheme mentioned in Section I.

The first basic IRAR scheme, denoted as IRAR I, is administered by the
following protocol.

Protocol for IRAR I Scheme:

1. Any slot which has not been reserved as a service or reservation slot,

is declared to be a random-access (RA) slot.

b gd The (first unreserved) slot following the instant at which a collision is
recognized by the network terminals (i.e., R slots following any collision slot)
is established as a reservation slot.

3. Service slots are established (at unreserved slots) for reserved messages

immediately following the reception of the corresponding reservation packet




(i.e., R slots after the corresponding reservation slot), in accordance with
the underlying service ordering discipline.

4, A newly arriving message transmits its (information carrying) packet in
the first available RA slot. If collision is subsequently recognized (R slots
latter), reservation is made for this packet in the first available reservation
slot.!

We note that instructions 1, 2 and 3 of the IRAR I protocol describe the
establishment of random-access, reservation and service slots, respectively.
Each terminal, using its queueing table, thus recognizes the identity of the
underlying slots, and subsequently employs instruction 4 to manage its trans-
missions.

To determine the order of service among packets which have made reserva-
tions within the same reservation slot, any service ordering discipline (such
as random ordering, first-come first-served or any priority ordering procedure)
can be used. We however assume here that packets which have made reservations
at an earlier reservation slot are served before those which make reservations
at a latter reservation slot.

To improve the delay-throughput performance of an IRAR I scheme at medium
and high network traffic flow values, we modify this scheme as follows., If a
newly arriving message recognizes a reservation slot, prior to the first avail-
able RA slot, we allow it to make immediately its reservation within the latter
reservation slot, raiher than try first RA transmission. The resulting access
procedure,denoted as IRAR II scheme, is thus governed by the following protocol.

Protocol for IRAR II Scheme: Instructions 1, 2 and 3 for IRAR II are identical

to instructions 1, 2 and 3, respectively, for IRAR I. Instruction 4 for IRAR II
is given as follows. (4) Upon 1its arrival, a newly arriving message checks

whether there exists any reservation slot preceding the first available RA slot.




If the latter is the case, the message sends a reservation packet in the latter
reservation slot. Otherwise, the information packet is transmitted in the first
available RA slot. Then, in the latter situation, if collision is subsequently
recognized, reservation is made for this packet in the first available reserva-
tion slot. l

A further improvement in the delay-throughput curve of an IRAR scheme,
at medium and high network throughput values, can be achieved as follows. We
note that at such traffic intensity values, service periods (being groups com-
posed of successive service slots) can be relatively long. Subsequently, a
high probability of packet collisions will exist within the RA slot following
a service period. To avoid such collisions, an IRAR III scheme declares the
latter slot to be a reservation slot, assuming thus the following protocol.

Protocol for IRAR III Scheme: Instructions 1, 3 and 4 for IRAR III are identical

to instruction 1, 3 and 4, respectively, for IRAR II. Instruction 2 for IRAR III
is given as follows. (2) The (first unreserved) slot following the instant at
which a collission is recognized by the network terminals, is established as a
reservation slot. Also, any (unreserved) slot following a service slot is
declared as a reservation slot. |

The delay-throughput performance characteristics of IRAR I, II and III
schemes, as well as other related IRAR schemes, are derived in Section III for
short propagation delay values (R = 0) and in Section IV for longer propagation

delay -alues (R 2 1).
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III. Performance Analysis of IRAR Schemes for Channels with R = 0

The Performance Measures

The performance of the IRAR schemes under consideration here will be
assessed in terms of their delay-throughput curves. The latter relate the
(steady-state) average packet delay D in the network to the network throughput
s. The message delay constitutes of the following components. The waiting-time
of the n-th packet in the system is denoted as Wn, n 21, This waiting-time is
expressed in terms of numbers of slots and is measured from the start of
the slet following the packet's arrival at its terminal to the instant this
packet 1is successfully transmitted. Note that we do not include an average
delay of 1/2 slot which accounts for the average time elapsing between the
actual packet arrival (following the continuous-time Poisson stream) and the
start of the next slot. The steady-state average packet waiting-time function
W 1s given by the limit (when it exists)

- -1 N
W= lim N E{E wn} . (3.1)
n -+ n=1

The overall steady-state average message delay D (in slots) is thus given by

D=W+R+1. (3.2
Equation (3.2) includes R slots and single slot terms to account for propagation
delay and transmission time, respectively, associated with a successful packet
transmission. |
Denoting by S:l the number of successful packet transmissions in the i-th
slot, Si =0, 1, 1 2 1, the channel throughput is given by
a] N
s= lim N E{E 51} ; (3.3)
N»>» i=1
yielding the channel output rate (i.e., the limiting average number of successful

packet transmissions per slot).
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For all IRAR schemes considered here, it is readily verified that the
underlying Markov chain describing the channel state process is positive-
recurrent if and only if A < 1. Assuming thus henceforth that A < 1, and
since no packet rejections are used in IRAR schemes, we have

s =1, (3.4)
so that (at steady-~state) the channel throughput is equal to the overall net-

work traffic intensity value.

The Analytical Technique for Evaluating the Packet Delay

The analytical procedure presented in [1] is used also here to compute
the packet delay. It is briefly summarized as follows. The channel state
process is described by a vector Markov chain {gn,n > 0}, Associated with any
sample function of the channel state process, appropriate time periods are
defined and identified, under each IRAR scheme. Random vector gn thus describes
the state of the n-th period. (A typical time period will include a collission

)

slot and the associated reservation and service slots.) We then set N(X ,X
“n’—n+l

and W(gn,§n+1) as the average (given En’§h+l) values of the number of messages
served and the sum of waiting-times of these messages, respectively, during the

(n+l1)-st time period associated with state §n+ For our schemes, the latter

1-

two functions are time-homogeneous and depend only on (En’gn

+1), for each n 2 0.

We further have, as M + =, for A > 0,
M .
nz_:l N LX) > @, wp.l. (3.5)

Subsequently, we can write

M
S 2 VX
l4m N° Y W = 1lim ‘ (3.6)
N+ o n=1 M+ o

M
ngO N oZm)

11




with probability one. We now apply a Markov ratio limit theorem (see [3], p. 91,

}.

Theorem 1, and [1]) to the vector Markov chain {!n,n 2 1}, where S {gn’§n+1

For A < 1 and any IRAR scheme, the latter chain is an irreducible positive-

recurrent Markov chain with the stationary distribution {m(i,j)}. We then con-

clude that
ELW »X
¥ = E[rnégﬁ%] ’ Shte)
vhere
WX ,X )] = 12 w7, ) (3.7b)
EING ,X 1)1 = 2 N(L,7(L,3) . (3.7¢) |

td

Thus, to evaluate the limiting average packet waiting-time W, we need to
obtain functions W(+) and N(¢), and derive the steady-state joint probabilities E
[ {"(lyi)}' The latter can be expressed, for each i, j, as

m(1,3) = u(DP(,]) , (3.8)

where {P(i,j)} and {u(i)} denote the transition probability function and the i
stationary distribution, respectively, of Markov chain {En}' For the schemes |

under consideration, we will note that 1t is not necessary to fully have

{u(i)}. The stationary probabilities of only a limited number of states (state
0 alone, or states 0 and 1, usually) will be required. We note that the same
procedure is readily extended to evaluate any other limiting moment of the

message waiting-time,

Performance Andlysis for Channels with R = 0.

The IRAR I Schepge

In this section we will consider channels with low propagation delay

value, setting R = 0. The analytical procedure presented above will be used :

12
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to derive the delay-throughput performance curves under IRAR I, II and III
schemes.

We consider first an IRAR I scheme for a multi-access channel with R = 0.
For this situation, a sample function of the process describing the evaluation
of the channel reservation and service periods is shown in Fig. 3.1. We note
that the channel state process is composed of a series of basic time periods.
Such a period is set so that its first slot is always a RA slot. A period
constitutes of a succession of a single collision slot, a single reservation
slot and a number of service slots (a service period), provided that the first
slot is a collision slot. Otherwise, the first (RA) slot contains no collis~
sions, and we take it to constitute the whole corresponding time period.

Using the above mentioned definition of a period, we let Zn denote the
state vector associated with the n~th period, so that {En,n 2 0} is the under-
lying state sequence. We let Nn = Xn denote the number of packets successfully
transmitted within the n-th period. Clearly, we can use here En = {Xn}, so that
the state sequence is represented by the scalar chain {Xn,n > 0}. For a single
slot n-th period, we have Xn > 0 if no new arrivals occur, or Xn = 1 if a single
successful RA transmission occurs. For a longer n-th period, Xn denotes the
number of colliding, reserved and served packets within this period.

We readily note that {xn,n > 0} 1s a Markov chain, with a state-space
composed of the nonnegative integers 4. Its transition probability function
{P(4,3)} 1is described by the transion diagram of Fig. 3.2, Thus, we have

[)\(1+2)]3(j!)'lexp(-x(1+2)), i 4 >38,

P(1,1) = P(X ,=)|X =1) = o (3.9)
Mg lexp(-x), 1f 1 =0,1,

for § 2 0, n 2 0, We note, as indicated in Eq. (3.9) or Fig. 3.2 that the

number of RA transmissions at the first slot of each group is equal to the

13




number of new packet arrivals in the previous group. If the latter is 1 slots
long, i+2 slots are available for these new arrivals if 1 2 2, since the col-~
lision and reservation slots are included. All RA transmissions are served
within the group. For A < i, one readily verifies that {Xn,n > 0} is positive-

recurrent, having a rc“ationary distribution {ui,i > 0}, where

u, = 11 %'xn ) W R (I : (3.10)

n =+

Distribution {ui} is obtained as the unique solution to

u = 3 uP(L,9), 320, Sou, =1. (3.11)
I i< j=0 9

It 1s, however, not necessary for our purposes to solve (3.11) for the steady-

state distribution. It will be shown that only u,» u, are needed. The latter

1
probabilities can be obtained from (3.9) - (3.11), or more simply by a simula-
tion of {Xn}, following the flow diagram of Fig. 3.2. In the latter case, we

set (using a sample mean estimate)

M-1
u, (M) = i > I(X_=1), (3.12)
n=0

with u1 = Mliém ui(M), where I(A) is the indicator function associated with
event A, s; that I(A) = 1 if A has occurred and I(A) = 0O, otherwise. Due to
the simplicity of the transition scheme of Fig. 3.2, it is easy and simple to
use such a simulation, or recurgive computation procedure to obtain u and u,.
We thus assume henceforth that L and u, are obtained in this manner (also been
ugsed in the actual computations).

To evaluate the average packet waiting-time W, we now need functions
N(*). The number of packets served during the (n+l)-st group is clearly equal
to xn+1. We thus have
N,

) =X (3.13)

n+l n+l °*

14




The sum of the waiting-times (in number of slots) of packets served during the

(n+l)~st period, for an IRAR I scheme, is given by
1
W(xn,xn+l) I(Xn 2 2) [i xn+1(xn+1)]

+ I(Xn_'_'1 22)°[2Xn+ X -1)] . (3.14)

1
178 S Y

The first term on the RHS of (3.14) expresses the overall (averaged, w.r.t. to
their Poisson arrival times, given Xn’ Xn+l) waiting time of packets from the
time of their arrival within the n~th period to the time of their RA trans-
mission at the first slot of the (n+l)-st period. For Xn=0,1 , this term
should be set to 0 , as ensured by the multiplication by I(Xn > 2) . The
second term of (3.14) yields the overall waiting-time of packets within the
(ntl)-st period, from their RA transmission to their admission into service.
This term is set to zero if Xn+1=0 or 1 . Otherwise, the first component,
2Xn+1 , accounts for the overall delay experienced due to transmissions over a
collision and a reservation slot. The second component yields the averaged
(given Xn+1) waiting-time of a packet, for admission into service, following
its acknowledged reservation, given that Xn+1 packets will be scheduled for
service (at random order). (Note that since only the average waiting-time is
computed, any 'conserving' service ordering discipline will yield the same
overall waiting-time value, and is therefore acceptable for our computations.)
Incorporating (3.9)~(3.14), the delay-throughput performance curve of
an IRAR I scheme, when R=0 , can be evaluated using Eqs.(3.7). For that pur-
pose,we first derive expressions for the first two (steady-state) moments of

{Xn} , in terms of The latter computation follows from Eq.(3.9), or

uysYy
the diagram of Fig. 3.2 . The latter is represented by the following recursive
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state relationship,

X g = I 222 (X +2) + I(X_ <12z (1), (3.15)

where Zn(i) is a sequence of 1i.i.d. random-variables governed by a Poisson

distribution with intensity Ai, 1 21 . The limiting moments, for A <1

X = lm ERX) =7 iu , (3.16a)
n > o n i i
X* = lim E(X %) =] 1%u, (3.16b)

n > w i

are subsequently given as follows.
Lemma 3.1 For A <1, R =0, under and IRAR I scheme, limiting moments X
and X? exist and are given by
s -1
X =21 -2 [2- uy” 2u1] > (3.17a)
X2 = (1 - A)7TURA + 402) + 422 - 5\2u; = N2y, + u)], (3.17b)

where u,,u

0 are given by (3.10).

1

Proof. Eq.(3.17a) follows by taking expectations on both sides of (3.15), noting

that at equilibrium,
E{I(xn p3 2)2(xn +2)} = E{A(xn + 2)I(xn > 2)}
= \(X - ul) + 2A(l—u0 - ul) 3

E{I(xn s 1)z(1)} = A(u0 + “1) s

and setting 1lim E(xn) = lim E(x“+1) =X.
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Eq.(3.17b) follows by squaring both sides of (3.15), taking expectations,

and noting that at equilibrium,
2 2 e 2 27 »
E{1 X 2227+ 2)} E{I(xn 2 2)[MX +2) + 22X+ 2)?)

E{Iz(xn £1)22Q1)} = E{I(X_ < 1)(A2 + )} = (ug +u)O2 + 1),

28 2y o ¥2
and setting 1im E(Xn+l ) lim E(Xn ) X
Q.E.D.

The delay-throughput performance curve is now obtained in Theorem 3.1.

Theorem 3.1 For a multi-access channel with R = 0 , under an IRAR I scheme,
for a packet arrival intensity of A < 1 , the limiting average packet delay D
is given by

D=W+1, (3.18)
where

W=1.51+2\) + %(1 + DXE)

& @ - - w) - 20 +1u,] (3.19)

0

where X and X? are given by Eqs.(3.17). For A 21 , D is unhounded.

Proof. Eq.(3.19) is obtained using Eqs.(3.7).

By (3.13), we obtain t

E[N(Xn,xn+1)] =X .

By (3.14), we have

E(NX X, )] = %A(i’ - u) # A =) + %x(i ~u) +Ad - u

T
.= lzs _ :
+ E(X - ul) + 2(X ul) ]

17
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noting that, at equilibrium (using relation (3.15)),

E{Xan+11(Xn 2 2)} = E{X 1(x_ = 2)F.[xn+1|xn 2 2]}= E(X I(X_ 2 2A(X + 2)}
2
= AE{xn (X 2 2)} + 2AE{xnI(xn >2)}

- (X% - ) 20X - u) s

and that

Ex I 22)} AE{(X_ + 2)I(X_ = 2)}

= AE{xnI(xn >2)} + 2AE{1(xn > 2)}

= \X - w0 )

0 1

Eq.(3.18) then follows from (3.2). Since the channel process approaches a pure
reservation process as A t 1, A <1 as the NASC for its positive-recurrence

follows as for a reservation scheme in [1], or directly by (3.15).

Q.t.D.
Note, as a check of (3.19), that as X >~ 0 , we L.ve u0 Sl u1 + 0,
X(i'()“l > 1, )-(2()-()—l > 1, ulk-l -+ 1, so that W g + % - ul(i)" -0, as

expected.

Eqs.(3.17)-(3.19) thus yield the delay-throughput curves for R = 0 ,
under an IRAR I scheme, with probabilities u,»U; as parameters. The latter
probabilities are evaluated as indicated above, through (3.12) or (3.11). The
resulting delay-throughput curve is shown in Fig. 3.7. It will be compared

later with curves obtained under other access-control schemes,
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The IRAR II Scheme

We now consider a multi-access channel with R = O under an IRAR II
scheme. A sample function of the associated channel state process is shown
in Fig. 3.3. Time periods are defined as for the IRAR I scheme. Thus, the
first slot in any time period is always a RA slot. Considering now the n-th
period, the number of transmissions in this RA slot is denoted as Nn. The
number of successful transmissions within the n-th period is denoted again as
Xn. If Nn = 0, or Nn = 1, then Xn = Nn and a single sliot group containing no
transmissions, or a single successful transmission, results. On the other
hand, 1if Nn 2 2, a collission slot results. This slot is followed by a reserva-
tion slot. The number of packets making reservations at the latter slot is given
by Nn + In. This includes the Nn colliding packets plus In new packets which
have arrived during the previous collission slot. Variable In represents the
new parameter incorporated in IRAR II, when compared with IRAR I, It represents
those packets which have arrived during a collission slot and are thus allowed
by instruction 4 of the IRAR II protocol to immediately make a reservation at the
next slot, which is established as a reservation slot. Under the IRAR I protocol,
such newly arriving packets would have to wait for the next RA slot and then
execute a RA transmission. The latter will result with a high probability of
collision, under medium and high network throughput values. Under lower network
traffic intensity values, IRAR I and II clearly exhibit similar performance char-
acteristics. We thus expect an improvement in the performance characteristics
when using an IRAR II scheme, over the whole throughput range.

The channel Markov state sequence {gn,n 2 0} is now characterized by the

state X , where
-n
X = (Nn, In) " (3.20)

|

The state equations follow the flow diagram of Fig. 3.4, and are described as
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follows. The number of packets successfully transmitted in the (n+l)-st group,

X

1? is given by

X = N + T I(Nn 2 2), (3.21)

n+l n+l n+l

where

Exea+ M (1) P exp-ACi+1)),

P{Nn+1-j[Nn, Xn-i} = if 422, (3.22)

$ 050 eaptan), 4F 4= 8,1,
and {In,n > 0} is a sequence of 1.1.,d. random-variables governed by a Poisson

distribution with mean ),
P{r_,, = 3} = A gD texp-n) (3.23)
n+l 5 P > :

for j = 0,

Eq. (3.21) indicates that Xn+1 =N for a single slot group, while

n+l

X (so that the Nn+1 colliding packets plus the newl. arrived

n+l Nn+1 £ In+1

In+1 packets are served) for a group containing a colliding first slot. Eq.

(3.22) indicates that the number N of RA transmissions made in the (n+l)-st

n+l
slot is equal to the number of new arrivals during the xn+1 service plus
reservation slots of the n-th group, if Xn > 2, If Xn < 1, the n-th period
contains a single slot and Nn+1 contains only the number of new arrivals within
this slot., Eq. (3.23) indicates that the number of packets In+1 making reserv-
ations without first trying RA transmission, is equal to just those newly
arriving within the single colliding slot.

To evaluate the packet average waiting-time we now represent functions
N(¢) and W(*). For the overall number of packets served during the (n+l)-st
group, we have again

Ny X)) = %o (3.24)
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The overall sum of waiting-times for packets served during the (n+l)-st period,

is given by
1
1 WK, X)) =1 22 [E'Nn+1 xé]
1
+ I(Xn+1 2 2) [Nn+1 + xn+1 + i-xm_l(xn+1 - 1)}. (3.25)

Comparing Expressions (3.25) and (3.14), we note that the first expression on

the RHS of (3.25) again expresses the overall (averaged) waiting time of those
Nn+1 packets arriving during the last (Xn+l) slots of the n-th group, prior to
their RA transmission in the first slot of the (n+l)-st group. Similarly, the
second term incorporates delay times involving, provided Xn+l 2 2 (noting that

i
Xn+1 2 2 > Nn+1 > 2): a collission slot for each one of Nn+1 packets; a

reservation slot for each one of Xn+ packets; and an average overall waiting-

1

time from reservation to admission into service of %-X (Xn+l-1) slots,

n+l

We note that {Xn,n > 0} is itself a Markov chain, having a transition

probability function {P(1,j)} given by (3.21).- (3.23), a stationary distribution

{“1’ i 2 0}, and first two limiting moments denoted by % Xz. It is readily

| verified that both Markov chain {zn’ n 2 0} and {Xn’ n 2 0} are positive-recurrent
% if and only 1if A < 1,

: The evaluation of the delay-throughput function under the IRAR II scheme,
now follows in the same manner as that for the IRAR I scheme, using Eqs. (3.21)-
(3.25) in Eqs. (3.7). The result is summarized by the following Theorem. It

is again convenient to represent (3,21) - (3,22) in terms of a single recursive
state equation given as,

X = N +

bl Yol T Lyg IO

n+l &)

= I(xn 2 2)[%n(xn+1) + In+1] +I(xn < 1)zn+1(1), (3.26)




! where {Zn(i)} is defined as before and is statistically independent of {In}.

' Note the minor difference between (3.26) and (3.15). Probabilities u, and uy,
defined by (3.10) and satisfying (3.11), can again be evaluated by a repetitive
recursive use of the recursive relationship in Fig. 3.4, using (3.14).

f Theorem 3.2. For a multi-access channel with R = 0, under an IRAR II scheme,

for a packet arrival intensity of A < 1, the limiting average packet delay D
is given by
% D=W+1, (3.27)
% where
W= %— (32+1) +%— (1+)) —z.(x—)"l + (')?)‘1[)‘-204-1)\:1] . (3.28)

The limiting means X = Ziui, X2 = Zizui, are given in terms of limiting prob- _
i i |
abilities u, v, as follows. 3

I AT Y T T Ty

X - xu—x)’l(z-uo-zul), (3.29a)
%2 = 202920420 + QX - (u b)) (140 = (3+50)] . (3.29)

For A 2 1, D is unbounded.

Proof. Expressions (3.29a) and (3.29b) are obtained by taking expectations on
both sides of Eq. (3.26) and the square of each side of (3.26), respectively,
and invoking equilibrium conditions, as in Lemma 3.,1. Eq. (3.28) is obtained

by calculating E[W(gn,§n+l)] and using (3.7) and E[N(En,xn+1)] = X to obtain

W (i)’ln[wqgn X 00,

In performing the above calculations we note the following relation-
ships.

5 ik
E{I(Xn 2 2)Nn+1xn} = E{A(xn+1)xnr(xn 22)} = A(X -ul) + “x‘“1) H

E{(N_ION ., 22)} = 1-22 A(H)u, + Auyy) - uy
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= X(X-ul) + X(l—uo—ul) + X(uo+ul) - U

= XX - Xul + k-ul .

Subsequently, we obtain

.l

EIW(X_,X )] = %-x(x -

e
“n+l + E'A(x-ul)

1

- 1 .~ y B
+ XX - Xul + X—ul + 5-(X - ul) + 5-(1 -ul)

- % 1+)x? +% (A + DX - 20 (1) + 14,

which yields, upon division by X, expression (3.28). Taking expectations on

both sides of (3.26) we obtain, at equilibrium,

EX ) =X = E(Nn+1) + x(1-u°-u

n+l l)

(-]
= (utu)) + 1-22 u A(1#1) + A(1-u -uy)

=)+ XX - Xul,

yielding Eq. (3.29a). Taking expectations of the square of each side of (3.26),

we have
2 i ) 2 2
E(R ) = X7 = EQN ) + E{TON ) 2 2T )
i ZE{Nn+11(Nn+1 & 2)In+1} ;
wvhere
2 2 - 2 2
E(Nn+1) = (u°+u1) A"4+)) + zz:ui[x U+ + x(i"‘l)]

- (u°+u1)(x+xz) " xz(xz-ul) + (A+2A2)(i-u1)

+ D) (Q-u -u,)
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2 2
E{I(Nn+1 2 2)In+1} = (1-u°—u1)(x+x ),

E{N I(Nn+1 2 2)In+1} = E{Nn+lI(Nn+1 2 2))} E(I ,,)

n+l
= (xx—xul + A - ul)x,
yielding subsequently relation (3.29b).
Q.E.D.
The delay-throughput curve for a channel with R = 0, under IRAR II

scheme, computed according to (3.27), is shown in Fig. 3.7. We note that the
delay-throughput curves under IRAR I and II schemes are essentially the same
for 0 < A < 0.4, while for A » 0.4 IRAR II scheme exhibits a somewhat better
performance.

The IRAR III Scheme.

The IRAR III scheme differs from the IRAR II scheme in that it declares
the slot following a service period as a reservation slot. We thus expect, when
compared to IRAR II scheme, the IRAR III scheme to yileld a lower dela: -chroughput
curve at medium and high values of A, while exhibiting a similar performance at
lower values of ).

A sample function of the channel state process under IRAR III scheme,
with R = 0, is shown in Fig. 3.5. Time periods are now defined as follows.

A time period constitutes of a single slot i1f no packets transmit within this
slot, or a single (successful) RA transmission has occurred in this slot. Thus,
a single slot period will contain a reservation slot with no reservations made
in it (to be called a zero reservation slot), or be composed of a RA slot during
which no collissions are experienced, A time period which contains more than

one slot, will start with either a collission slot or a nonzero reservation slot.
In the first case, the period will contain the collission slot and the successive
reservation slot and service period. In the second case, the time period will be

composed of the nonzero reservation slot and the following service slots.
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Considering the n-th time period, we denote the number of transmissions
within ibs=iiggf slot again by Nn. If the n-th ﬁeriod contains a collission
slot, we let (a; for IRAR II scheme) I denote the number o£~ﬁhw,grrivals
within this colligSIOn slot. We now set xn to denote the number of‘£EEEIqed
transmissions within the n-th period. Thus, for a single slot period we have
Xn = 0, while Nn f'O, l. Note that the present definition of Xn differs from
the corrésﬁonding one used for IRAR I, II schemes. A i

The channel Markov state sequence {En’n > 0} is characterized by state

gn’ where En = (N, I, X

). In particular, if X = 0 the first slot in the
n’ n’ "n-1 n-

1

n-th period is a RA slot. On the other hand, if Xn_ > 0 the first slot of the

1
n-th period i1s a reservation slot.
The state equations for IRAR III, R = 0, follow the flow diagram of Fig.

3.6, and are presented as follows.

Xy "Ny ¥ I(Xn=0) [z(mn+1 > 2)1n+1 - I(Nn+1 =1)] , (3.30a)

where

N (xn+1) 5 (3.30b)

n+l zn+1
and, as before, {Zn(i)} and {In} are statistically independent sequences of
i.1.d. random-variables governed by Poisson distributions with means il and ),
respectively.

We note from Eqs. (3.30) that {Xn, n 2 0} itself is a Markov chain with
stationary transition probabilities, It is again readily shown that both
Markov chains are positive-recurrent if and only if A < 1, The stationary
distribution of {Xn} 1s again denoted by {ui. i 2 0}, and the associated first

—

two moments as X = E:lu1 X2 = Zizui. We will note that only the limiting prob-
i i

ability of state O, u is required to evaluate D under IRAR III, when R = O,
Probability u, can be computed, as for IRAR I, II, by successive iteration

governed by recursive relationship (3.30).
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To evaluate the packet average waiting-time ﬁ; we need evaluate functions
N(*) and W(*). The overall number of packets served during the (n+l)-st period
is now given by

) =X

N(En’ En n+l

+1 + I(xn-O)I(Nn+1-1). (3.31)
The first term on the RHS of (3.31) accounts for the packets served by reserva-
tion, while the second term incorporates a single (successful) RA transmission.

The overall sum of waiting-times for packets served during the (n+l)-st

period is now given by

1 1
w(-x-n’—ﬂ-t-l) Ehxnxn+1 ® xn+1 ia I(xu'.o)xn-f'l * E.xn+1(xn+1-l) - (3.32)
The first term on the RHS of Eq. (3.32) represents the (averaged, given 5ﬂ,§n+1)

overall delay of the Xn+1 packets served within the (n+l)-st period, while
waiting through the n-th period, prior to their reservation in the (n+l)-st
period. The second and third terms account for the delay of the Xn+1 packets
along their reservation and collission slots, respectively. The fourcn term
in (3.32) represents the overall (averaged) waiting-time of the xn+1 packets
after they have made reservations and prior to their admission into service.

The evaluation of the delay~throughput function under the IRAR III scheme
now follows in the same manner as those for the IRAR I-~II schemes, using
Eqs. (3.30) - (3.32) in Eqs. (3.7). The result is summarized by the following

theorem.

Theorem 3.3. For a multi-access channel with R = 0, under an IRAR III scheme,

for a packet arrival intensity of A\ < 1, the limiting average packet delay D
is given by
D=W+1, (3.33)
where
V= (T re 77 {—;- O+X + 3 O+1)x2

+u_A[2-2 exp(-1) - A exp(-\)] } (3.34)
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and . lim P(Xn = 0). The limiting means are given by

n-> o
X = A(l—k)—l . {1+uo[1-2 exp(-1)-A exp(—l)]} s (3.35a)
X2 = xu-xz)'l.{(uzx)i + 2 - u_ exp(-A)
+ u (1) [1-exp(-1)-A exp(-1)]
+ 2xu°[1-exp(—x)]}. (3.35b)

For A 2 1, D is unbounded.

Proof. Taking expectations on both sides of (3.30) we obtain, at equilibrium,

= = .= -A
noting that E{Nn+l} = E{Z(Xn+1)} = AHL), E(X_ ) = X = A(X+1) - u e = +

A

uok(l—e“ -Xe—x), which yields Eq. (3.35a). Taking the square of each side of

(3.30), and subsequently the corresponding expections, and noting that
e %) - E{z2(x +1)} = E{Az(x wy® 4 A(X_+1)}
n+l n n n .
we obtain, at equilibrium,

2 oy 2
E(X 47 = X = EN_;°} + E{I(X_=0)T(N__ =1)}

2

n+l }

+‘

E{I(Xn-O)I(Nn+1 2 2)I

2E{Nn+11(Nn+1-1)I(xn-0)}

+

2E{Nn+11(xn-0)I(Nn+1 2 2)In+ }

1

2 2

A E[(xn+1) 1+ AE[X +1] + E[I(xn=0)]E[I(Nn+1-1)|Xn=0]
2

+EQ_ )E[I(Xn-O)]E[I(Nn+1 2 2)|xn-o]

-2E[T(X =0) JELI(N , =1)|X =0]

+2E(In+1)E[I(Xh-0)]E[Nn+II(N

ntl > 2)lxn =%

= A2(x%42%+1) + A(R#l) + u X exp(-\)
+ 02+x)u°[1-exp(-x)-x exp(-1)]

- ZUOX exp(-1) + ZXUOEX—X exp(-A)1,
27
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which yields Eq. (3.35b). To obtain W, we first obtain, using (3.31), at

equilibrium,

E{N(gn,§n+l)} = E(X_,,) + E{I(X =0)I(N_,=1)} = X + u X exp(-1).

Using (3.32), we have at equilibrium,

E{W(§n.x )} =

X E{ann+1} + E(xn+1) + E{I(xn-O)Xn+1}

N N

+ 3 EX XD}

|

- % Oxx?) + X + u A[2-2 exp(-1)-A exp(-\)]

3 TOw1) + -;-xz(xu) + u A[2-2 exp(-1)-A exp(-1)],

+ %-[;i;ij
noting that
BIX X .1 = EX EX X 1) = BXAG 41)) = AGED)
and that by (3.30),

E{I(xn-O)Xn+1} = E{I(Xn=0)Nn+l} - E{I(xn=0)I(Nn+1=1)}
+ E{I(Xn-O)I(Nn+1 > 2)In+1}
=u) - ud exp(-1) + uOA[l-exp(-X)-A exp(-A)] .

Dividing now E{wggn,§h+l)} by E{NQEn,§n+l)},—z? obtain Eq. (3.34). The
recurrence relationships for the moments X, XZ, readily show that D is unbounded

for A 2 1,
Q.E.D.

Delay Throughput Performance Comparisons

The delay-throughput performance curves for a multi-access communication
channel with R = 0, under IRAR I, II, III schemes, are shown in Fig. 3,7. We
note that the IRAR III scheme exhibits a better performance curve, over the whole
throughput range, when compared to IRAR I-II performance curves, In particular,
IRAR III yields a significant improvement in performance within the higher
throughput range, A > 0,5, as expected, TFor A < 0,5, the performance curves

obtained by IRAR I, II, III schemes are very close.
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We also show in Fig. 3.7 the delay-throughput curve for the ARDA I
reservation scheme. Over the throughput range 0 < A < 0,4 we note IRAR I, II,
III schemes to yield lower packet delay values than those obtained by an ARDA I
scheme. This is due to the extra reservation delay required by the ARDA I
scheme, when compared with the incorporation of the RA operation in the IRAR
scheme. For higher throughput values, A > 0.4, we find ARDA I scheme to yield
a delay-throughput curve which is below those obtained by IRAR I-II scheme., and
somewhat above the IRAR III performance curve.

We thus conclude that the IRAR III scheme yields an excellent delay-
throughput performance curve, uniformly (over the whole throughput range) better
than the corresponding curves obtained by ARDA I or IRAR I-II schemes. Perform-
ance characteristics close to those obtained by IRAR III scheme are also exhibited
by IRAR I-II scheme for A < 0.5, and by ARDA I scheme for A > 0.5.

In Fig. 3.8 we show curves representing probabilities u, and u, vs. A,

1
under IRAR I, II, III schemes, when R = 0. Note that, by definition of the

corresponding state, probabilities ug and uy represent the probabilities of no

transmission and a single (successful RA) transmission at a slot for IRAR I-II

schemes, For an IRAR III scheme, however, u and u, represent the probabilities

1

that no reservations and a single reservation, respectively, will be made at any

period. We further note that i1f we incorporate an (analytical or empirical) estimate
of us U, the delay~-throughput equations for an IRAR scheme are fully analytically
given by the expressions presented in this section.

In Fig. 3.9 we show curves representing the RA-to-reservation ratio vs. A,

under IRAR I-II schemes. The latter ratio is defined as the ratio between the
average numbers of packets transmitted without reservation and those transmitted
following a reservation operation. Curves are shown for R = 0, 1, 12, We note

that for 0 < A < 0.4, this ratio decreases rather linearly with A, while for
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A > 0.4 an almost exponential decrease with A is noted for R = 0. For higher
values of R, R=1, 12, the decrease of this ratio with A > 0.4, is much slower.
This is explained by noting that at higher channel propagation delay values,
more slots are available for RA transmissions between a reservation slot and

the successive corresponding service period, as shown in the next section.
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IV. Performance Analysis of IRAR Schemes for Channels with R 2 1

The IRAR IV-V Schemes

We consider now multi-access communication channels with longer propaga-
tion delay values, R 2 1. As for the R = 0 channel, the delay-throughput per-
formance curves under the IRAR III scheme are noted to be uniformly (over thc
whole throughput range) better than those obtained under IRAR I-II schemes. It
is thus of main interest here to derive the delay-throughput characteristi..
under an IRAR III scheme. In particular, we are interested in the latter char-
acteristics for medium to large network throughpuigvalues, since for low throughput
values all IRAR schemes yield performance curves very close to those obtained
under a pure random-access scheme.

The analysis of an IRAR III (or I-II) scheme for R 2 1, is performed by
following the same procedure presented in Section III for R = O channels. How-
ever, the underlying channel state process will now include additional parameters
(to principally indicate whether a group starts with a RA slot or a reservation
slot, the latter to be used by packets colliding in the previous slot). The
Markov state sequence will thus assume now a more complexed structure, although
the technique for evaluating D remains the same. \

To provide a simpler procedure for evaluating ;he performance character-
istics of an IRAR III scheme for R 2 1, we present here the IRAR IV scheme.

This scheme, which is of interest due to its own merits, will yield delay-through-
put curves which are very close to those associated with the IRAR III scheme

over the medium to large network throughput values, and are only somewhat above
the latter curves for lower throughput values, These resulting characteristics
are readily observed while comparing the protocols of these schemes and reviewing
typical sample functions of the channel processes under these schemes. In stat-

ing the protocol of the IRAR IV scheme, an idle slot is defined as a slot during
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which no transmissions are allowed. A single-slot period is defined, as in
Section III, to include a zero reservation slot (containing no reservations),

or a single non-collission RA slot, prior to which the network contains no waiting
unserved packets.

Protocol for IRAR IV Scheme

1, A collission slot which follows a single~slot period, is followed by
(R-1) successive RA slots and R successive idle slots. Otherwise, any slot
which has not been reserved as a service or reservation slot is declared to
be a random-access (RA) slot,
2. The (first unreserved) slot following the instant at which a collission
18 recognized by network terminals, is established as a reservyation slot. Also,
any (unreserved) slot following a service slot is declared as a reservation slot.
Fe Service slots are established (at unreserved slots) for reserved messages
immediately following the reception of the corresponding reservation packet,
in accordance with the underlying service ordering discipline,
4, Upon its arrival, a newly arriving message checks .l.ccher there exists
any reservation slot preceding the first available RA slot, If the latter is
the case, the message sends a reservation packet in the latter reservation slot.
Otherwise, the information packet is transmitted in the first available RA slot.
Then, in the latter situation, if collission is subsequently recognized, reserv-
ation is made for this packet in the first available reservation slot,
- A service period is set to last for at least R slots, |

We note that IRAR IV scheme is governed by a protocol which is identical
to that of an IRAR III scheme, except for the first part of instruction 1 and
the introduction of instruction 5 in the IRAR V protocol., The first part of
instruction 1 sets up a sequence of consecutive (R-1) RA slots and R idle slots
to follow a collission slot which follows a single-slot period. Subsequently,

all colliding packets trying RA transmissions within the above declared R RA
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slots, will be able to make reservations within the reservation slot which is
set-up to follow the last idle slot (see Fig. 4.1). This procedure much reduces
the complexity of the state process following a non-collission RA slot. It is
further observed to have little effect on the delay-throughput curve, in partic-
ular at medium and large throughput values.

Instruction 5 sets up each service period to be no shorter than R slots.
Idle slots need to be added to the service period, if there are less than R
service slots., This allows for all the colliding packets transmitting previous
to the beginning of the service period to make reservations at a reservation
slot declared at the slot following immediately the last service slot within
this service period. This requirement yields, as well, a simplified structured
for the channel state process. However, it results with a somewhat higher
delay~throughput curve (due to the insertion of the service idle slots), when
R 22, (For R =1, instruction 5 is clearly not needed.)

To analytically reduce the effect of instruction 5 on the resulting
de}ay—throughput curve, and thus obtain a closer approximation to the corre-
sponding curve obtained by an IRAR III scheme, we can make the following assump-
tion. We assume each service period to contain only its actual service slots
(not adding any idle slots to it), but require the reservation slot, which follows
this service period, to contain the reservations made by any of the packets
colliding during the R slots prior to this period (see Fig. 4.1). The resulting
scheme 1s then called IRAR IVA' We note that the latter scheme is not, in
general, realizable, since a propagation delay of less than R slots is sometimes
assumed (to allow for the propagation of collission information over less than
R slots, prior to the reservation slot, when a service period shorter than R
slots occurs). However, scheme IVA will yield delay-throughput curves which

are very close to those obtained under an IRAR III scheme (since the latter two
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schemes exhibit very similar sample function behavior for the underlying state
process, mainly under medium and high network throughput values).

A simple extension of the IRAR IV scheme, associated with a modification
of the first part of instruction 1, yields IRAR V scheme.

Protocol for IRAR V Scheme: Instructions 2-5 of IRAR V are identical to the

corresponding instructions 2-5 for IRAR IV, Instruction 1 for IRAR V is given
as follows: 1) Following every single-slot period we declare the next succes-
sive R slots as RA slots, the next following successive R slots as idle slots -
and the next following slot as a reservation slot. Otherwise, any slot which
has not been reserved as a service or reservation slot is declared to be a RA
slot. |

Thus, IRAR V protocol is identical to the IRAR IV protocol, except that
the initial period, following a single-slot period and containing R RA slots,
R idle slots and a reservation slot, starts with a collission slot for an IRAR
IV scheme, while starting with any (RA) slot for an IRAR V scheme. (Therefore,
under an IRAR V scheme, single-slot periods constitute a.ways of a single
reservation slot containing no reservations.) An IRAR V, scheme is defined in

A

a manner analogous to that used to define an IRAR IVA

We note that scheme IRAR V will yield a delay-throughput performance

procedure.

curve somewhat higher than that obtained under an IRAR IV scheme, due to more
fixed (non-adaptive) scheduling associated with the setting of the initial
period, following a single-slot period. We, however, present here the perform-
ance of the channel also under an IRAR V scheme, since the latter (more-fixed)
structure can be desirable in various actual situations, while yielding a per-

formance curve quite close to that obtained under an IRAR IV scheme.
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Performance Analysis

We consider now a channel with R 2 1 under an IRAR IV scheme. The
channel state stochastic sequence {gﬂ} is characterized as follows, We note
the channel process to contain three types of time periods (see Fig. 4.1 for
an example of a sample function). The first type of time period is the single-
slot period defined above, containing a single zero reservation slot or a single
non-collission RA slot, at which time the network contains no waiting unseiv.d
packets. The second type of a time period is the period following a single-slot
period, called an initial period. (Note that a slot in a single-slot period
constitutes a regeneration point for the channel state stochastic process.) By
instruction 1 of the protocol for IRAR IV scheme, the initial period is set to
contain successively, as its first 2R+l slots, R RA slots, R idle slots and a
reservation slot; the first slot being always a collission slot. Included in
the initial group are also R RA slots which follow the reservation slot (during
which reservation information 1s broadcasted) and the service period following
the latter RA slots (see Fig. 4.1). The third type of period, called regular
period, consists of a nonzero reservation slot as a first slot, assuming this
reservation slot does not follow a period of idle slots (in which case we have
an initial period), followed by R RA slots (during which reservation information
is broadcasted) and a service period. In Fig. 4.1, we observe a sample function
representing the successive occurrence of a single-slot period, an initial
period and a regular period. For medium and high network throughput values,
the successive occurrence of regular periods is the most dominant feature of a
sample function of the channel state process, (For these throughput values, a
similar observation can be made for a channel under an IRAR III scheme.)

To analytically represent the channel state sequence {En}’ we make the

following state definitions, for the n-th time period, We set Nn and In to
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denote the number of packets making reservations, within the n-th period, after
experiencing collissions and the number of newly arriving packets making reserv-
ations, respectively. We then let Xn denote the number of reserved transmissions
within the n-th group. The number of transmissions within the first RA slot of
the n~-th group is denoted by Nn(l) (1f such a slot exists; otherwise, we set

N D . 0).

n
Thus, if the n-th period is a single-slot period we have Nn = In = xn = 0.

@y

If the latter period consists of an RA slot (so that xn_l = 0), then Nn
or 1. Otherwise, this is a zero reservation slot, and xn—l > 0. If the n-th

period is an initial or regular period, we have
Xn = N, + In .

The variable Nn then represents the overall number of collissions occurring
within the previous group of R RA slots. Variables In represents the overall
number of new arrivals with the previous service period, or during the previous
R idle slots, when considering a regular or initial peric., respectively. Thus,

the state of the Markov channel state process 1s set up as

> )
X (Nn, L,N "7, xn__l) . (4.1)

The flow diagram describing the transition probability function of the Markov
state sequence, 1s shown in Fig. 4.2, The state equations are thus readily

seen to be represented as follows.

(1)
Xk ™ [1(xn > 0) + I(xn-O)I(Nn+1 > 2)] [NM1 + 1n+1] , (4.2)
where
S I D)
Mool = 2 Moy IO 22), (4.3)

i=1
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zn+l(xn+1), if xn >4

In+1 = (4.4)

Zn+1(R+1), if Xn <16,

and {Nii)}, {Zn(j)} are independent i.1i.d. sequences governed by a Poisson dis-

tribution with mean A and jA, respectively, for each j 2 0. Furthermore, we set
1, for IRAR IVA
S = (4.5)

R, for IRAR IV.

State equations (4.2)-(4.5) are explained as follows. For

(1)
n+l

slot, and Xn+l = 0, as indicated by (4.2). In all other cases, we have

32 (1)
Rt " R vl 1 L

indicate the number of transmissions within the i-th slot in the corresponding

{Xn=0, N < 1}, the (n+l)-st period consists of a single non-collission RA

Variable Nn+ is given by (4.3), where N is set to

group of R RA slots. Variable In+1 represents the overall number of (Poisson
distributed) new arrivals during the n-th service period, when a regular (n+l)-st
period is considered. For an initial period, In+1 represents the overall number
of new arrivals during the group of R idle slots. Thus, for an IRAR IV scheme
we obtain relation (4.4) with § = R, For an IRAR IVA scheme we set § = 1 in
(4.4), so that we have

I = x(xn=0)zn+l(n+1) + 1(xn>0)zn+1(xn+1) . (4.6)

n+l

Thus, for IRAR IVA we assume the number In+1 of new packets reserving in the
(n+l)-st period to arrive during the previous Xn service slots 1if Xn > 0, or
during the previous R idle slots if Xn = 0 (and the (n+l)-st period is an

initial period).
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We note that the stochastic sequence {Xn,n > 0}, where Xn denotes the
number of reserved transmissions within the n-th slot, is a Markov sequence
with homogeneous transition probabilities characterized by Eqs. (4.2)-(4.6).
It is readily noted that {Xn} is positive-recurrent if and only if A < 1. For

A <1, we set {u,, 1 2 0} to denote the steady-state distribution,

i’

u = lim P(X=1), 120, (4.7
n > o n

and i, x2 as the limiting moments,

Fwitu , B =5tta . (4.8)
1 i i

For explicit analytical calculations, we will consider henceforth an IRAR IVA
scheme. The latter will be shown to yield a performance curve which is closer
to that obtained under an IRAR III scheme, than the one resulting under an
IRAR IV scheme. We will however indicate also the procedure for evaluating
the performance curve under an IRAR IV scheme.

Using recurrence relationships (4.2) - (4.6), we ovtain the moments in

(4.8) in terms of the limiting probability of state O, u.

Lemma 4.1. For a multi-access channel with R 2 1, under an IRAR IV, scheme,

A
for A < 1, the limiting means X, x° are given by
X= (1-)‘)-1 {(l-uo)X[l+R(1—X)] + uOA(R+1)[1—exp(-l)-X exp(-1)] +
uox[l—exp(—l)][1+(k-1)(l-exp(-l)-k exp(-A))1} (4.9)
o 1 2,-1
X" = (1-17) T(AjtuA)) (4.10)

where
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' A,y = (1-u°)n[x2+x-xexp(-x)] + (1-u°)R(R-1)A2[1-exp(-x)32
+ 2RA2[1-exp(-x)](1—uo) + (x2+x)(1-u°)

+ T N-ap-10] % X + 2377 (4.11a)

A, = A} + 2\[1-exp(-2) 1{1+(R-1) [1-exp(-A) -Aexp(-A) ]}
+ [1-exp(-X)-) exp(-X)ITA*(R+1)% + A(R+1)], (4.11b)
A = A Bk axpl(-A) + INE1ekpGA) IR ~exn (05 ]

+ DB 3= % exptny]

+ (R-1) R-2)A*[1-exp(-\)1° , (4.11e)

where u = 1im P(X =0).
o n

n -+ o
Proof. Taking expectation on both sides of (4.2), and using (4.3), (4.6), we

obtain at equilibrium,

EX ) =X = E{[1X>0)] « [N  +2 (X +1)])

n+l

» 1)
i + E[1(X =0)JE{1(v 3 2 2)[N . +2Z . (R+1)]

= (1—u°)E(Nn+1) + AE{I(Xn > 0)(xn + 1)}

(1)
+ uoE{Nn+1I(N

a4l = 2)} + uoX(R+1)[l—exp(—k)-kexp(—l)]

= (l—uo)RA[l—exp(—k)] £ A(l—uo) + X
+ uo{X[l—exp(-k)] + (R-1)A[1-exp(-A)1[1-exp(-2)

- X exp(-\)]1} + uOX(R+1)[1—exp(—A)—X exp(-\)] , (4.12)

since

EN ;) = R[A-Aexp(-\)] , (4.13)
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(1) I(N(l)

> 2)} = e(n‘D) A

n+l 2 2)}

E{N_ IO
+ el 2 2)) E{En“)r(n‘” 2 2))

= AM1-exp(-A)] + [l-exp(-A)-A exp(-A)J(R-1)A[1-exp(-A)] . (4.14)

Solving Eq. (4.12) for X we obtain Eq. (4.9).
To obtain Eq. (4.10) we square both sides of (4.2) and take expectations,

assuming equilibrium. We obtain then,
E(X2 ) = X2 = E{I1(X_ > 0)[N +2 .(X +1)]2}
n+l n n+l n+l n

(1)

2
+ E{I(X -O)I(N 2)[Nn+1 + zn+1(n+1)] ) (4.15)

The first expression is given by

2
E{I(xn > 0)[Nn+1 + zn+1(xn+1)J }

2
= (1-u°)E(Nn+l) + 2£(Nn+l)>&:{1(xn > 0)(xn+1)}
2 2
+ E{IX > O (X +1) + A (X +1)1}
= (1-u )RO2 + A - A exp(-1)] + (1-u_) (RZ-RA*[1-exp(-1) 12
+ 2RA[1-exp(-2)I[AX + A(l-u )]
22 B2

+ (A +X)(1-u ) + (k+2k X + 2x ATXT + A3 ’ (4.16)

where Aa is given by (4.11la). To obtain (4.16), we note that
ENZ,)) = n{[z:u“)xm“) > 1%

- re(1vy) > (1%
+ (R R){E[N(I)I(N(l) > 2)112

= ROV 42 - A exp(-1)] + RZ-RIA - A exp(-1)1%, (4.17) §
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To evaluate the second expression of (4.15), we use (4.14) and note that

2

E{N I(N(l) > 2)) = E{I(N(l) > 2)[N(1)]2}

(1) (1) (2)

+ ZE{I(N 2 2)N 11} (R- l)E(N(Z)I(N > 2)}

1 1
+ E{[:L:ZN( )I(N:_'_i > 1% = (4.18)

where Al is given by (4.11c). Finally, using (4.14), (4.18), we obtain the

second expression of (4.15) to be given by

(1) 2
1-:{1(1(11-0)1(Nn+1 > 2)[14n+1 + zn+1(n+1)] }
=uA + 2uo{k[l—exp(-k)][1+(k—1)(l-exp(—k)-l exp(-1))1}

+ uo[l-exp(—x)-k exp(—k)][lz(kﬂ)z + A(R+1)] = ud, , (4.19)

where A2 is given by (4.11b). Substituting Eqs. (4.16) and (4.19) into
Eq. (4.15), we obtain an equation for ;i, which when solved yields Eq. (4.10).
Q.E.D.
To obtain the packet average waiting-time function W under IRAR IV—IVA
schemes, we need first evaluate the associated N(¢), W(+) functions. To express

N(*), we set

= Z I(N(i) 1, (4.20)
i=]1

to denote the overall number of RA successful transmissions within the n-th

(1)

period. (Note that we set Nn = 0, 1f the n-th period contains no i-th RA

slot.) The overall number of packets served (successfully transmitted) during

the (n+l)-st period is then given by

(1)

N(X 3 * IX -O)I(N = 1)

’—n+1) = X

+ I(xn-on(x“_._1 > 0)[.1m_1 +J ..]+ Jn_._zI(Xn > on(xm_1 > 0).

(4.21)

n+2
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The first term on the RHS of (4.21), Xn+1, represents the overall number of
packets served by reservation during the (n+l)-st period. The second term
accounts for a successful RA transmission within a single-slot (n+l)-st period.
The third term represents the overall number of successful RA transmissions
within an initial (n+l)-st period. The last terms yields the overall number
of successful RA transmissions within a regular (n+l)-st period.

The overall sum of waiting times for packets served during the (n+l)-st

period is given as follows.

WE LX) = (I > 0) + 1x =01l > 2)]

- {% N (R + N (X AR) + 21 (X AR)
+ xn+1(1+R) + % xn+1(xn+1-1)} g (4.22)
where
(X_AR) & Max(X_,R), for IRAR 1IV; (4.23a)

R, if X =0
n
(X_AR) 4 for TRAR 1V, (4.23b)
X ,if X >0
n n

The indicator-function term in (4.22) sets the waiting-time function
equal to zero for a non-collission single RA slot. The next first term,
%-Nn+1(R+1), represents the overall delay (averaged w.r.t. packet times of
arrival) of the Nn+1 packets over the R-slot period within which they have
collided, The same Nn+1 packets experience a further delay while waiting for
the termination of the previous service period. The latter overall delay is
thus given as Nn+1(anR). where function (anR) is given by (4.23a) for the

IRAR IV scheme (so that a minimum service period length of R slots is imposed),

and by (4.23b) for the IRAR IVA scheme., Similarly, the term -

o) In+1(anR)
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In+1 packets during their period of arrival, which is (anR) slots long.

i (Note Eq. (4.6) when considering the IRAR IVA scheme.) The term xn+1(1+R)

1 reserving packets over the reserva-
1
tion slot and the R propagation slots. The last term in (4.22), i-xn+1(xn+1-l)’

£ expresses the overall delay (averaged w.r.t. packet times of arrival) of the
E

accounts for the overall delay of the Xn+

represents the overall sum of waiting-times of the Xn+1 reserving packets,
following their acknowledged broadcasted reservation and prior to their admis-

sion into service. (As in Section III, we can assume a random ordering, first-

come first-served, fixed priority or any other service discipline, to control
the order of service of these Xn+1 packets, as long as the overall sum of waiting-
time remains unchanged.)

For an IRAR IVA scheme, we now use Eqs. (4.21)-(4.22) and the statistical
characteristics of the Markov state process, Eqs. (4.2)-(4.6), to analytically
evaluate the average packet waiting-time. The result is presented by the follow-
ing theorem.

Theorem 4.1. For a multi-access channel under an IRAR IVA scheme, for R 2 1

and A < 1, the limiting average packet delay D is given by

D=W+1+R, (4.24)
where
W= (EIVG_,X , )IHEING X , )]}, (4.25)
and
EIN(X ,X )] = X(RA[1-exp(-\)] + 3 + R + 3 A}

+ % x2(14\) + % RAL1-exp(-\) 1 (R+1) (1-u )

+ A[1-exp(-2) J{1+(R-1)[1-exp(-A) -2 exp(-A)]}

. {-;- ur+l uo} + 2 AR@Du_[1-exp(-1)-A exp(-M)] 5 (4.26)
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EINX ,X ;)] = X + R(1-u DA exp(-})
+ (R-1)A exp(—k)uO[l—exp(-A)—A exp(-A)] + Auo exp(-1). (4.26)
The limiting moments X, XZ are given by Eqs. (4.9)-(4.11), and u = nig P(Xn-O).
For A 2 1, D is unbounded. '
Proof. Eq. (4.25) follows by (3.7), noting again the {gn} is positive-recurrent

if and only 1f A < 1. To obtain Eq. (4.27) we take the limiting expectation of

Eq. (4.21). We obtain,

E[N(}—(n"}-(ﬂ-l-l)] = E(Xn+1) + E[I(xnao)]E[I(NI(li:)L = 1)]

+ E[I(Xn-O)I(Xn+1 > 0)][E(Jm_'_llxn:o,xn+1 > 0) + E(Jn+2)]

+ E[I(xu > o)x(xn+1 > 0)]E(Jn+2). (4.28)

To compute (4.28) we note that, at equilibrium, we have

\

R
E(Jn+1) - E(Jn+2) = E‘&I(Nﬁ} = 1)' = R\ exp(-)); (4.29)

E[I(xn-O)I(x n+1>0)] = E[I(xn=0)] - E[I(Xn=0)1(xn+1-0)]
= “o‘“o"("n+1"°|xn'°) = uo-uorexp(-x) + A exp(-A)]

= u°[1—exp(—l) - ) exp(-1)] (4,30)

E[I(Xn>0)I(Xn+1>O)] = E[I(Xn+1>0)] - E[I(Xn+1>0)1(xn-0)]

= (l—uo) - uo[l—exp(—k) - ) exp(-\)]; (4.31)

R
ELS 4, X =0, X ,>0] E[igr(u bl 1)] (R-1)A exp(-1). (4.32)

Substituting (4.29)-(4.32) into (4,28) we obtain
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r:[N(gtl X +l)J =X + u Xexp(-}) + uotl-up(-x)-xexp(-x)](2R-1)
+ dexp(-1) + Rkexp(—k){(l-uo)-uofl-exp(—k)—Xexp(-X)]},

which yields Eq. (4.27).
To obtain Eq. (4.26) we take the limiting expectation of (4.22). For
that purpose, we note that, at equilibrium, the following relationships are

obtained.

E{[I(X > 0) + I(x = O)I(Nu) 2 2)IN

n+l x AR) }

A (1)
- E{I(xn > 0)N xn + 1(}(n = O)I(Nn+1 > 2)Nn+1R}

n+l

e ® Q) ‘
XE(N n-._1) + uoRE{Nn+11(Nn+1 22y}, (4.33) {

where E(Nn+1) and E{N I(N(l) > 2)} are given by (4,13) and (4.14), respectiv-

ely. Also, using (4.6), we have

E{[I(Xn > 0) + 1:(x = O)I(N(l) > 2)] i n+1(x AR)}
= E{I(x > 0) 2 nﬂ(x + 1)x } + E{I(X = O)I(N(l) 2 2) 2 +1(R+1)}
=1 1 . 6))
3 lﬂ:{)tx“(xn + 1)) + 3 AR(R+1)1-:{I(xn O)I(Nn+1 > 2)}
=5 = +5 Ax e L ARRHL)u [1—exp(-A)-Aexp(-x)] (4,34)

Using (4.33)-(4.34) in computing the limiting mean of (4,22), we obtain,

1 (1)
E[w(i_tn.l_lnﬂ)] = 5 (R+1) [(1'“o)E(Nn+1) + uoE[Nn+II(Nn+1 2 2)J]

+XE(N 1)+uRE[N(1)22)]+ J\x+—)‘;7

+ % AR(R+1)u°[1-up(-A)-Aexp (-A)J + X(@+R)

X2 X o (4.35)

Nll-‘

1
+'i'x
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Lemma 4.1. For a multi-access channel under IRAR V-V

Substituting (4.13)-(4.14) into (4.35), we derive Eq. (4.26).
Q.E.D.

The analysis of IRAR V-VA schemes is analogous to that presented above
for IRAR IV—IVA schemes. The underlying Markov state sequence {gﬂ} is defined
simtlarly, and is now governed by the transition probability function described
in Fig. 4.3. The delay-throughput characteristics are summarized by the follow-
ing Lemma and Theorem. (Proofs are similar to these presented above and, there-
fore, are not presented here.)
schemes, with R 2 1, the

A
average packet delay D is given by

D=W+1+R, (4.36)

with W expressed as the (w.p.l) limit

—_— = —11
W= 1lim 5 & .37)

and

W(zn,x ) =

1 1
-+l —-Nn+1(R+1) it Nn+1(anR) ® -In+1(anR)

2 2

1
+ Xn+1 (14R) + 3 Xn

+1 %

A I (4.38)

) =X +

N(gn -] Jn+21(xn+l > 0) + Jn+11(xn = 0), (4.39)

Xntl
where (XnAR) is given by (4.23). |

Using expressions (4.37)-(4.39) and Fig. 4.3 to generate a sample function
{gn}, we can obtain W and D by setting M large enough, through simulation. The
same procedure can be used for IRAR IV-IV, schemes by incorporating Eqs. (4.37)
and (4.21)-(4.22); and similarly for any other IRAR scheme. These simulation

procedures have been used to derive the delay-throughput performance curves
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under IRAR IV-V schemes, which will be presented latter. For an IRAR IVA scheme,

we can compute limiting expectations (3.7b)-(3.7c) and use (3.7a) to analitically
obtain an expression for D, in terms of U, presented in the following Theorem.
Theorem 4.2. For a multi-access communication channel under IRAR VA scheme,

with R 2 1 and XA < 1, the limiting average packet delay D is given by

D=W+1+R, (4.40)
where J
= : -1
W= {E[wggn,§n+1)]}-{E[N(§H,§h+1)]} it
and
BN X )] = 2 02(1 + A) + K(RA[1-exp(0)] + 22 + R + 1)
X0’ Sn+l 2 2 2
+ RA[L-exp(-\) I3 (R+1) + u R] + z u AR(R+1) (4.41)
E[N(;n,5n+l)1 = X + Rlexp(-A) . T (4.42)

The limiting moments are given by
X = X(l-k)—l{kfl-exp(—k)] +1+ uoR} ’

2° = (15 b h-amp(=1) ] + RER=13A°T1-exp(-2) 12

X EX e Au+n)@mok) + Azuokz

+ 2R xz[l—exp(—x)][1+'i+uonl} 5

where u, = lim P(X =1), X = iu,, x% = 81%,. Pora: 1, D is unbounded. |

n-+o i i -

Performance Computations and Comparisons 1

We first compare the delay-throughput curves for IRAR IV, and IRAR VA

A
schemes (given in Theorems 4.1 and 4.2, respectively), and the performance

curves for IRAR IV-V schemes (obtained according to Lemma 4.l1), with the
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delay-throughput curves for an IRAR III scheme (obtained by simulation). The
resulting curves are shown in Figs. 4.4 - 4.5,

For R = 1, we note that IRAR IV (V) scheme is identical to IRAR IVA(VA)
scheme, The delay-throughput curves for IRAR III, IV, V procedures, for a
channel with R = 1, are shown in Fig. 4.4, We note that IRAR IV (or IVA) and
IRAR IIT exhibit essentially identical delay-throughput performance curves.

IRAR V (or VA) scheme exhibits a performance curve which is almost identical to
those obtained under IRAR III-IV scheme when A > 0.4, while being somewhat higher
at lower network throughput values (as expected, since an initial period starts
with any RA slot for IRAR V). We thus conclude that the analytical expressions
for the channel delay-throughput curve, when R = 1, under an IRAR IVA (IV) scheme,
essentially yield those resulting under an IRAR III scheme, while those under

an IRAR VA (V) scheme yield a very close lower bound.

For a channel with a higher propagation delay value, such as is the case
for a satellite channel, setting R = 12, the resulting performance curves under
IRAR III, IV, IVA, v, VA schemes are shown in Fig, 4.5. ™e _.ote again that the
performance curves under IRAR IVA - VA schemes yield very close upper-bounds to
the performance curve under IRAR III scheme, and present almost perfect fit for
medium and high network throughput values. The performance curves under IRAR
IV - V schemes are noted to yield only somewhat higher packet delay values. As
expected, schemes IV and V(IVA and VA) exhibit very close performance curves,
except that at low network throughput values IRAR V yields somewhat higher packet
delay values.

For a channel with a low propagation delay, R = 1, the delay-throughput
curves under IRAR I, II, III schemes, as well as under the ARDA I reservation
scheme, are shown in Fig. 4.6. We note that the IRAR III scheme yields the
lowest average packet delays, over the whole range of network throughput values,

For low traffic intensity values, A\ < 0,4, IRAR I, II, III schemes yield the
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same packet delay values. The latter are lower than those resulting when the
pure reservation AﬁbA I scheme is employed. For high network throughput values,
A > 0.4, ARDA I and IRAR III schemes yileld packet delays values considerably
lower than those obtained under IRAR I-II scheme; with the delay values resulting
when an IRAR IIT scheme is employed being uniformly the lowest.

For a channel with a high propagation delay value, R = 12, the délay—
throughput curves of the various IRAR, reservation and RA schemes are show.. .n
Fig. 4.7. For low network throughput values, A < 0.3, IRAR I, II, III schemes
yileld the same low packet delay values (varying from D = R + 1 = 13 slots at
A =0 toD =20 slots at A = 0.3). The same packet delay values, over 0 < X < 0.3,
are also obtained by a (stabilized) slotted pure random-access scheme (such as
slotted ALOHA or GRA controlled schemes, denoted as RA in Fig. 4.7). The random-
access scheme yields, however, packed delay values which rapidly become unbounded

=1 &

as )\ approaches a value of e 0.368 packets/slot. It is interesting to note
the IRAR schemes yield as low packet delay values as those obtained under a pure
RA scheme for A < 0.3 (and lower for )\ > 0.3), while no RA retransmissions are
being employed by the IRAR schemes. This is explained by noting that the
average number of retransmissions per packet (for RA scheme) is lower than one
if and only 1if A < e"1 (see [2]), and 18 thus considerably lower than 1 over the
throughput range within which the RA scheme is effective. Subsequently, if a RA
scheme induces a high enough probability of packet retransmission, excessive packet
delay will result. Therefore, an IRAR scheme, that uses no packet retransmis-
sions at all, can exhibit packet delays as low as those obtained under a pure
RA scheme for A < 0.3. The IRAR schemes, furthermore, clearly exhibit a much

superior delay-throughput performance characteristics at higher network throughput

values. (Similar observations can be made for R = 0, 1.)
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At higher network throughput values, X > 0,3, we note the IRAR II scheme
to yield packet delays considerably lower than those attained under the IRAR I
scheme, and somewhat higher than those achieved when the IRAR III scheme is used.

The delay-throughput performance curves of two pure reservation schemes,
ARD& I and DFRAC (See Section I for the description of these schemes), are also
showh.in Fig. 4.7. At low network throughput-values, 0 < )\ < 0.4, similar packet
delay values are attained by these two reservation procedures. The latter values
are higher than those obtained under the IRAR and RA schemes (by as much as R + 1
= 13 slots, the delay involved 1in broadcasting the reservation packet, at A = 0).
Both IRAR II-III schemes are noted to yield delay curves which are lower than the
ARDA I delay curve over the whole throughput range. The delay-throughput curve
under the DFRAC scheme is above the IRAR III delay curve for 0 < A < 0,55; how-
ever, for higher network throughput values, A > 0,55, the DFRAC scheme yields
lower packet delays than those obtained under the IRAR III scheme.

We thus conclude, that to obtain the lowest delay-throughput curve over
the whole throughput range, for high values of R, we neea to employ a scheme
that uses an IRAR III procedure for 0 < X < 0.6, and then causes its protocol to
transition into that of an ARDA I (or ARDA II, see [1]) pure reservation procedure.
This integrated scheme will induce a performance curve following closely the
lower envelope of the IRAR III - ARDA I curves. The above transition can be
attained, when long-term traffic intensity fluctuations are considered, by
incorporating an appropriate estimate of the underlying present network traffic
intensity value A . For short-period fluctuations, a feedback scheme, (such as
the ARDA IT scheme in [1], fncorporating observed reserving packet queue sizes,
can be employed to automatically adapt to A and cause the transition of the
protocol of the access-control discipline between the IRAR mode and the pure

reservation mode. Such a feedback scheme has been in fact implemented and
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observed to yield a performance curve following closely the lower envelope of
the IRAR III - ARDA I curves.

In Fig. 4.8 we present curves for probabilities u,, u for R =1, 12,

ll
under IRAR IVA - VA schemes. We note that ug represents the probability of a
period with no reserved transmissions, and is used in Theorems 4.1-4.2 to
yield explicit analytical solutions for the average packet delays under IRAR IVA

VA schemes. Probability (l-uo) is also a measure of channel utilization.

51




v. Conclusions

We have presented and studied Integrated Random-Access Reservation (IRAR)
schemes for multi-access communication channels. Under an IRAR scheme, newly
arrived packets can be designated for reserved or random-access (RA) transmis-
sions. In the latter case, if a collission occurs, each colliding packet is
assigned for transmission by reservation, rather than attempt another RA trans-
mission.

The performance of the IRAR schemes under consideration is expressed
in terms of the associated channel delay-throughput curves. Analytical
expressions have been derived for the limiting average packet delay, under
various IRAR schemes, in terms of the steady-state probabilities that an under-
lying embedded Markov chain is in state 0 (and, sometimes, also in state 1).
Single packet messages are considered. We show that for low channel propagation
delay values (when considering, for example, terrestrial radio or line networks),
an IRAR scheme (IRAR III) yields excellent delay-throughput performance character-
istics, over the whole range of network throughput values. The IRAR III per-
formance curve 1is then also shown to be uniformly superior to that obtained by
a corresponding (ARDA I) pure reservation scheme, as well as a corresponding
slotted random-access scheme.

For a channel with longer propagation delays (setting R=12), such as a
satellite communication channel, we show that the IRAR III scheme yields an
excellent delay-throughput curve for network traffic intensity (throughput)
values of 0 < A < 0,6, For 0 < ) < 0,3, the latter IRAR curve is identical
to that obtained when a slotted pure (controlled) random-access procedure is
used, The random-access performance curve involves, however, a rapidly

increasing packet delay value as A 4 e-l

= 0,368, The IRAR performance curve
is also superior, within A < 0,6, to that obtained when an excellent (consid-

ering high propagation delay values) pure reservation scheme (DFRAC) is used.
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The latter reservation scheme yields, however, lower average packet delays for
higher (0.6 < XA < 1) network throughput values. Therefore, for channels with
long propagation delays, low packet delays are obtained over the whole network
throughput range, when we employ an access-control scheme that adopts an IRAR
protocol for low and medium throughput values, and switches into an efficient
pure reservation protocol (as that of a DFRAC or ARDA II schemes) at higher
throughput values.

In many actual multi-access communication channel situations, different
classes of messages can be distinguished, in accordance with their statistical
characteristics and service requirements., An efficient access-control scheme,
integrating both random-access and reservation procedures, will then be employed.
The basic schemes and the associated analytical techniques presented in this
paper, would then provide the necessary basic access-control elements involved

in the analysis and design of many such integrated schemes.
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Fig. 3.1. A Sample Function of the Channel State Process Under
IRAR ! Scheme, When R = 0. A Reservation Slot is
Denoted as {444 , a Slot with Collissions as §3% ,
and a Service Pericd as e === .
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Fig. 3.2. Flow Diagram for the Channel Markov State Sequence
Under IRAR I Scheme, When R = 0. P (\) Denotes
a Poisson Distribution with Mean A .
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Fig. 3.3. A Sample Function of the Channel State Process Under
IRAR II Scheme, When R=0.




1

Npyq ~ P (A(+1)), if i > 2
Npeq ~P (A, ifi=0,1

Nn+1 - 0, 1 Nﬂ+1 =22

.o

Xn+1=Np4q ILi1~PWM)

|

Xn+1=Nps1 + I

Fig. 3.4. Flow Diagram for the Channel Markov State Sequence
Under IRAR II Scheme, When R = 0.
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Fig. 3.5. A Sample Function of the Channel State Process Under
IRAR III Scheme, With R=0.
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Fig. 3.6. Flow Diagram for the Channel Markov State Sequence
Under IRAR III Scheme, When R = 0.
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Fig. 3.7. Delay-Throughput Curves for a Channel with R = 0, Under
an ARDA I Scheme and IRAR 1, II, ITI Schemes.
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Fig. 3.8. Curves for Probabilities Uy ( === ) and Ug (== =)vs ), fora
Channel with R = 0 Under IRAR I, II, Il Schemes.
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Fig. 3.9. Curves Representing the Ratio Between the Average Numbers
of Packets Transmitted Without Reservation and Those
Transmitted Following Reservation, for Channels with
R =0, 1, 12 Under IRAR I, II Schemes.
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Fig. 4.1 A Sample Function of the Channel State
Process Under IRAR IM Scheme,with R>1.




pr——

(i)
i=0 i>0 Nn+1"'P()\)

e 1

B
1 s (i) (i)
N~ e Nnt1= 2 Nely TN, >2)
(1) (1)  J
l T Xn+1 = Nps1+Ingg
Xne1=0 Ingq ~P(Ai+1), i i>6

In49 ~ P (M(R+1)), if i < 8
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Fig. 4.3. Flow Diagram for the Channel Markov State Sequence
Under IRAR Y Schemes, with R =>1. For IRAR X,
We Set § = 1, While for IRAR Y. We Have § = R.
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Fig. 4.4. Delay-Throughput Curves for a Channel with R = 1, Under
IRAR III, INZ, X Schemes.Performance Points for IRAR IIT
are Indicated by A\ .
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Fig. 4.5. Delay-Throughput Curves for a Channel with R = 12, Under
IRARI, IV, ¥, IV, X, Schemes.
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Fig. 4.6. Delay-Throughput Curves for a Channel with R = 1, Under
an ARDA I Scheme and IRAR I, IT, III Schemes
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Fig. 4.7. Delay-Throughput Curves for a Channel with R = 12, Under a
Slotted Pure Random-Access Scheme (RA), ARDA I Scheme,
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DFRAC Scheme, and IRAR 1, II, ITI Schemes.
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